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I. tnroduction
Analysis of interannual sea surface height (SSH) variability and identification of the impact of regional and global factors is of great interest for understanding climatic changes in the Black Sea, involving its basin dynamics and ecosystem. SSH can be used for interpreting subsurface temperature and salinity variability, which is generally difficult to obtain at fine spatial and temporal scales for an ocean basin (e.g., Mayer et al. 2001) .
SSH variability includes steric and nonsteric signals, elevation changes due to changing vertically integrated specific volume anomaly at constant mass and elevation changes due to changing mass per unit area. Steric SSH signals should be correlated with SST unless the change resulted from variations in thermocline or mixed layer depth. One important factor is to determine whether sea level variations are mainly caused by steric variations due to the heat and salt exchanges between the atmosphere and ocean, the internal ocean dynamics, etc., in addition to large-scale teleconnection patterns, which are important factors in the Black Sea (Oguz and Gilbert 2007) .
Our effort in this study is to focus on the steric component of SSH variability. Rather than relating the mean SSH to prevalent circulation patterns, we focus on SSH variations, examining the degree to which SSH and SST independently characterize Black Sea variability. This paper considers the most recent time period, a 13-yr series from 1993 through 2005 (section 2), providing a more recent context for interpreting climate patterns with a particular focus on the existence of seasonal steric SSH signals (section 3). SSH anomaly fields are further used for investigating role of large-scale atmospheric teleconnection patterns over the Black Sea (section 4).
Altimeter-based SSH

Data processing
The dataset for SSH is obtained from the altimeter products prepared by the operational real-time U.S. Navy Altimeter Processing System (ALPS; available online at http://www7300.nrlssc.navy.mil/altimetry). Altimeter data follow different pathways before entering the ALPS at the U.S. Naval Oceanographic Office (NAVOCEANO). The Geosat Follow-On (GFO) satellite data is sent directly to the Payload Operation Center (POC) at NAVOCEANO. Orbit solutions are produced by both the Naval Satellite Operations Center (NAVSOC) and at the Jet Propulsion Laboratory (JPL) based on the global positioning system receivers on board the satellite.
Ocean Topography Experiment (TOPEX) data was retrieved from a NAVOCEANO computer within the datastream at JPL where it was converted from the raw satellite telemetry data into physical units. The data and JPLproduced orbit solutions were then passed on to the Altimetry Data Fusion Center (ADFC) at NAVOCEANO. The (European Remote Sensing Satellite) ERS-2 data are provided by the European Space Agency (ESA) through the National Oceanic and Atmospheric Administration (NOAA) Laboratory for Satellite Altimetry.
Data processing for each above-mentioned altimeter is accomplished through five steps: 1) initial data processing, 2) interpolation, 3) tide removal, 4) orbit error removal, and 5) referencing to a consistent mean. All of these steps are discussed in detail in the ALPS mentioned earlier, so they are not repeated here. However, we will provide a general overview of the various geophysical corrections in the initial processing of altimeter data.
Altimeters emit microwave signals that are reflected from the ocean surface. The two-way travel time of the signal can be converted by a distance between the satellite and ocean surface if the speed of light in the atmosphere is accurately known. The dry troposphere path delay, wet troposphere path delay, ionosphere path delay, and electromagnetic bias correction terms all enable a more accurate estimate of the signal speed and thus a more accurate distance between the altimeter and sea surface.
The distance between the altimeter and sea surface is the first element in measuring SSH. The second element is an accurate determination of the position of the altimeter relative to the local geoid. This orbit solution is one of the largest error sources associated with real-time altimeter data. To minimize this error, the navy Generalized Digital Environmental Model (GDEM) is used. This model based on climatological bathythermograph data allows us to maintain the seasonal steric signal in the SSH data while removing orbit errors. Orbit error removal is done on one satellite revolution's worth of data at a time using a weighted least squares technique with weighting based on the variability observed by prior altimeter missions. This minimizes the impact of large-amplitude features in the areas dominated by mesoscale variability.
Altimeter data in the Black Sea
Daily reanalysis of SSH is constructed using all available satellite altimeter data for the Black Sea from the beginning of 1993 to the end of 2005. The dataset for SSH is obtained from ALPS. The data retrievals from ALPS provide an SSH deviation from the multiannual mean SSH at each ground-track location (Jacobs et al. 2002) . The ground tracks of the altimeters are shown in Figure The data retrievals from ALPS provide Modular Ocean Data Assimilation System (MODAS) an SSH deviation from the multiannual mean SSH at each ground-track location; SSHaltimeter = altimeter measurement -<altimeter measurement>ai t, where "< >al," refers to an averaging over the multiyear altimeter data collection period from 1993 through 2001 (Jacobs et al. 2002) . Crossover points are used to reference the altimeter data to a common TOPEX mean (Zlotnicki et al. 1989) . The altimeter provides an anomaly from a long-term mean, so a mean SSH must be added from another source to form the full SSH.
Spatial gaps between the ground tracks are fairly wide relative to a small, enclosed region like the Black Sea. The space-time interpolation must try to represent along-track detail while minimizing spurious features in the data voids. This is accomplished using MODAS2D optimal interpolation with a spatially variable error covariance determined from analysis of long altimeter time series (Jacobs et al. 2002) . The first guess in the optimal interpolation is an average of the SSH observations using a Gaussian weighting with 750-km zonal, 250-km meridional, and 15-day temporal scales, all of which were chosen subjectively after some tests. The global MODAS2D analysis excludes all altimeter observations shallower than 200 m, because the nonsteric contributions to SSH in shallower regions typically exceed limits imposed by downstream applications. We 
Sea evel variability in the Black Sea
Evaluation of SSH time series over 1993-2005 yields SSH standard deviations (>8 cm) in the interior (Figure 1 b) . The relatively small values in shallow regions are ignored as a consequence of excluding shallow observations in the data processing. The maxima in SSH variability indicate centers of the eastern and western gyres. The larger SSH variability in the east indicates greater variation in the circulation of the eastern gyre.
Longitude-time plots of SSH anomalies are examined to identify westward propagation of Rossby waves in the Black Sea (Figure lc) . The time series samples a zonal section at 43°N, where water is typically deep (>1500 m) in the interior. The data were processed to make the zonally averaged SSH zero at each time step. Unlike the study by Korotaev et al. (Korotaev et al. 2003) , we are not able to unambiguously identify westward-propagating waves in the Black Sea. It must be emphasized that the waves appear in the Black Sea, but not quite clearly, as diagonal (i.e., going from bottom right to top left) alignments of crests and troughs. The speed at which waves propagate in the longitude-time plot is given by the slope of the alignments of crests and troughs. The propagation signatures are almost ubiquitous. More than one speed is noted. This is likely to reflect a number of different modes of Rossby waves propagating at different speeds. Furthermore, speed of propagation tends to increase westward across the Black Sea, which is consistent with linear theory.
For comparisons with waves in the Black Sea, we investigate the westward propagation in the central North Pacific over the same latitude and time period (Figure ld) . Rossby waves are more easily identified in the central North Pacific since it is isolated from coastal or boundary current influences; in contrast, Rossby waves are difficult to distinguish in the Black Sea because of its smaller, enclosed domain and strong boundary influences.
We now examine the distribution of seasonal and interannual variability of SSH from 1993 through 2005. Monthly mean SSH anomalies are formed (Figure 2 ). In general, SSH interannual variability in the Black Sea is between -10 and 10 cm, as evident during most months. There is a switch to the positive mode of SSH anomaly at the end of 1996 lasting up to 2002 except for a few months. This may correspond to large-scale teleconnection patterns, noted in many properties of the Black Sea. This topic was discussed with respect to climatological indicators in Oguz et al. (Oguz et al. 2006 ) and will be further explored in section 4.
While there is a climatological seasonal steric SSH signal, this is removed by considering anomalies from the means of each month of the year. Our hypothesis is that the remaining SSH variability is largely a steric response to changes in heating and/or salinity stratification. These changes in stratification will largely be above the seasonal thermocline. To the extent that the steric signal is from mixed layer temperature, SST can be considered a good proxy for SSH. Thus, investigating possible links between SST and SSH variability allows us to determine whether SSH variability is largely a steric response to changes in heating processes. On the other hand, the Black Sea mixed layer can be very shallow (a few 
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-fac 7 meters) in the summer (e.g., Kara et al. 2005 ), and SST anomaly may then be a poor representation of subsurface temperature anomaly. To test the above-mentioned hypothesis, in addition to SSH, we also form daily SST anomalies from MODAS during 1993-2005. Each daily MODAS SST is produced by an optimal interpolation (01) of Advanced Very High Resolution Radiometer (AVHRR) observations, using a methodology described in Barron and Kara (Barron and Kara 2006) . The resulting monthly SST anomaly does not show the same trend as the SSH anomaly (Figures 3a and 3b) , and it has significantly more month-to-month variability than the SSH anomaly.
It may appear that there is a slowly increasing trend in SSH during 1995-2005 but a least squares fit to 1997-2005, for example, would slope the other direction, that is, decreasing trend. Thus, the linear trend is not very robust for SSH variability. This is partly because the interannual SSH anomalies are much smaller than the average seasonal signal during 1993-2005. However, unlike a possible linear increase or decrease in time, there is a cyclic trend in SSH, as shown by the dark solid curve in Figure 3a . While a more sophisticated approach involving sinusoidal terms to account for cyclic effects would be a better approach for trend analysis, this is beyond the focus of this paper.
SST and SSH fields are generally not well related to each other since the correlation based on monthly mean time series is very low with a value 0.21 during 1993-2005. To examine seasonal dependence, monthly mean SST and SSH anomalies in each season are grouped, yielding a time series of 39 monthly mean values at each 1/40 x 1/4' grid box in the Black Sea for winter, spring, summer, and fall during 1993-2005. Linear correlations are then calculated at each grid and mapped over the Black Sea. Correlations are compared within each season to demonstrate that, while overall correlation between SSH and SST may be low, it varies seasonally (Figure 3c ).
The strong relationship between SST and SSH is significant only in the winter, and high correlations typically exist in the interior of the Black Sea. These winter correlations would correspond with periods of a relatively deep mixed layer. If the mixed layer is deep, then SST represents a larger fraction of the water column and a vertically integrated volume anomaly. Thus, SSH anomalies are responding to nonsteric and subsurface steric changes in addition to surface heating and cooling in the Black Sea.
Based on the statistical significance test in comparison to zero, an absolute correlation value of at least 0.31 is needed at the 95% (a = 0.05) confidence level based on 39 monthly mean time series. Therefore, SSH and SST variations are not significantly related to each other for the majority of the Black Sea in seasons other than winter. Given this strong relationship, we conclude that at least some of the winter SSH anomaly is steric because of temperature changes in the deep mixed layer. Even in winter, correlations are highest in the interior of the basin and are particularly low near river mouths, the Kerch Strait (the Sea of Azov), and the Bosporus Strait (the Marmara Sea), that is, in regions where salinity variability would be expected to have a relatively larger effect on SSH.
Analysis of interannual anomalies SSH and SST could be extended to include anomalies of the river runoff and/or wind stress curl and climate indices. A detailed consideration of these is beyond the scope of this paper. River runoff would likely be more significant locally than over the entire Black Sea. Studies of wind stress curl that relied on archives of global NWP products might not have sufficient resolution over the small area, and the short time series from 1993-2005 might be insufficient to support conclusions on the relation between climate indices and Black Sea SSH.
4, Sea level variability in relation to climate indices
Concerning the results shown in Figure 2 , one particular question arises here: Can the shift in the sign of SSH anomaly starting from the end of 1996 and continuing up to 2002 be attributed to teleconnection patterns? Previous studies have revealed that interannual fluctuations in various properties of the North Atlantic and the adjacent European shelf are connected to the various climate indices, such as the North Atlantic Oscillation (NAO), known to be the dominant mode of variability of the Northern Hemisphere atmospheric circulation (e.g., Molinero et al. 2005 ).
Here we use three indices that are previously shown to have influences on climatic variations of various oceanic parameters in the Black Sea (e.g., Hurrell et al. 2003) : NAO, East Atlantic (EA) pattern, and East Atlantic/West Russia (EA/ WR) pattern. All of these standardized amplitudes of monthly Northern Hemisphere teleconnection indices are obtained from the Climate Prediction Center Web page (http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml), which also provides techniques used for calculating them. Description of the above-mentioned indices can be found in Barnston and Livezey (Barnston and Livezey 1987) .
We seek whether there is any relationship between the basin-averaged monthly mean SSH values (Figure 2 ) and teleconnection patterns (NAO, EA, and EA/WR) to determine whether the shift in the SSH anomalies may be attributed to changes in climate indices. Correlations were calculated for each year, separately ( Figure  4 ). The reason of using time series of 12 monthly values for SSH and climate indices for the correlation calculation in each year is to investigate whether the shift to the positive mode of SSH starting from the end of 1996 is specifically controlled by any large-scale atmospheric teleconnection patterns.
Correlation values reveal dependence of SSH anomaly on NAO only from 1996 through 2002. A value of at least ±0.53 is needed for a correlation to be statistically significant in comparison to zero correlation at the 95% (a = 0.05) confidence level based on 12 monthly mean time series for a given year. Monthly mean SSH anomalies are strongly related to NAO with statistically significant correlation values of 0. 65, 0.81, 0.74, and -0.80 in 1997, 1998, 2000, and 2002 . In addition to NAO, there are also significant correlations for EA and EA/WR for much of the period of 1996-2002, which also corresponds to the positive SSH mode. In other years, correlations with climate indices are generally mixed between positive and negative values. Thus, the possible role of the large-scale atmospheric changes in influencing monthly SSH anomalies cannot be neglected in the Black Sea. If these three indices are correlated, then the Black Sea SSH anomalies are strongly related to them as well.
Conclusions
All available altimeter data were used to produce 1/40 x 1/40 resolution daily SSH fields from 1993 through 2005 over the Black Sea. An analysis of these fields reveals cyclic variations on multiyear and shorter time scales. The anomalies from the interannual SSH cycle are found to be correlated with similarly formed SST anomalies only in winter. Since the mixed layer is relatively deep in winter, an SST anomaly would correspond to a thermal expansion or contraction averaged over the mixed layer, and thus a proportionally large fraction of the steric anomaly in SSH. The lack of relationship in other seasons indicates that SSH and SST together provide independent information on the state and response of the Black Sea. We demonstrate that while sea level variations are caused by the local factors, such as steric variations due to the heat and salt exchanges between the atmosphere and ocean, the internal ocean dynamics, tidal currents, and wave propagation, etc., the influence of teleconnection patterns cannot be neglected. In particular, climatic variability in the SSH anomaly are found to be related with the climate indices during the SSH shift mode of 1997-2002. Therefore, some of the overall variations in the SSH anomalies can be attributed to large-scale atmospheric events over the Black Sea during periods when the indices are correlated.
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